Abstract: A novel, green and easy regeneration biosorbent, aminothiourea modified walnut shell (AMWNS), was synthesized, and its potential for removal of Pb(II) ions was also investigated. The AMWNS was synthesized with epichlorohydrin and aminothiourea as an etherifying agent and a modified monomer, respectively, and was characterized by Fourier transform infrared spectroscopy (FTIR), scanning electron microscope (SEM) and X-ray diffraction (XRD). The influences of pH (3-11) and adsorbent dosage (0.5-2.5 g/L) on adsorption capacity of AMWNS were investigated. The maximum Pb(II) ions adsorption capacities (Q m ) calculated by best fitting model (Langmuir) were 46.25 mg/g at 298 K. Thermodynamic studies demonstrated adsorption process by AMWNS was spontaneous and endothermic. Furthermore, the regeneration capability of AMWNS implied AMWNS was a cheap, excellent biosorbent for Pb(II) ions removal in wastewater treatment.
Introduction
With the development of the industry, heavy metals released into the environment, which pose a significant threat to the ecosystem and, consequently, human health because of their toxicity and persistence.
1 Thus, it is crucial that heavy metals should be removed from wastewater effectively before being discharged into the environment. Conventional treatment technologies used for heavy metal removal mainly include ion exchange, filtration, membrane separation, chemical precipitation, solvent extraction, and reverse osmosis, etc.. [2] [3] [4] However, these technologies generally cannot perfectly follow the increasingly stringent regulations on the heavy metal discharge in a cost effective manner. 5 An important drawback of precipitation techniques is significant sludge production. Although ion exchange is considered to be an alternative method for removal of Pb(II) ions, it is expensive and the majority of ion exchangers have poor selectivity for them. Therefore the identification of feasible technologies for heavy metal separation and removal from aqueous solutions have become an urgent problem.
Compared to other techniques, adsorption is considered to be among the most favorable processes because of its simplicity, ease of operation, regeneration capacity sludge-free operation, and low cost for industrial application. [6] [7] [8] Consequently, the development of new and more effective adsorbents has become essential. Various materials have been studied to determine their efficiency in heavy metal adsorption, including activated carbon, agricultural by-products, nutshells, biomaterials. [9] [10] [11] [12] However, the adsorption performance of most of these materials has been, for the most part, unsatisfactory. To further improve adsorption efficiency, the discovery of application of more efficient adsorbents seems necessary. In recent years, modified
biomass materials including agricultural residue have been extensively applied for heavy metal ions removal due to low cost, renewable and easy disposal.
13-15
Walnut shell is a forestry residue, obtained easily, cheap, nontoxic, and biodegradable. Thiosemicarbazide contained multiple adsorption groups, and it was a cheap and water soluble monomer, the grafting reaction occurred in aqueous solution, which didn't lead to pollution of the environment. So, in this study, a green, non-toxic, biodegradable adsorbent-chemically modified walnut shell with aminothiourea (AMWNS) was synthesized, characterized and used for the Pb(II) ions removal. The influences of pH and absorbent dose on Pb(II) ions absorption were investigated. The mechanism of Pb(II) ions absorption by AMWNS was deduced with isotherms and thermodynamics results. Furthermore, desorption and reusability of the modified adsorbents were evaluated after adsorption of Pb(II) ions. The aim of this study is to provide a cheap, excellent biosorbent of AMWNS for Pb(II) ions removal in wastewater treatment.
Experimental
Materials. Walnut shell (WNS) species which were collected from Shijiazhuang, China. Epichlorohydrin, HCl, Pb(NO 3 ) 2 and NaOH were obtained from Tianjin Guangfu technology development co., LTD (Tianjin, P. R. China). Aminothiourea was purchased from Beijing chemistry factory (Beijing, P. R. China). All other commercial chemicals were of analytic reagent grade and used without further purification and all solutions used in the experiments were prepared with deionized water.
Synthesis of Modified WNS. Prior to modification, the walnut shell (WNS) was boiled for 60 min to get rid of the pulp and residual seed capsule. Then, it was rinsed thoroughly with deionized water to wipe off fly ash, residual adhesive flesh and other inorganic impurities. The clean WNS was dried for over 24 h at 105 o C until constant weight, then the WNS were ground in a high speed grinder and the resulting crumbs were sieved to obtain size of smaller than 100 m. The sieved WNS was stored in a desiccator for further use or modification. The modification process of WNS was performed as follows: firstly, 15 mL of NaOH (1.25 M) was blended with 10 mL epichlorohydrin on a shaker at room temperature. Then, WNS (1.0 g) was immersed into the solution at 40 o C for 30 min equipped with thermostat. After the mixtures washed several times to the eluent pH neutral, the obtained materials (called M 1 -WNS) was dried at 65 o C until constant weight. Afterwards, the solution with 15 mL of NaOH (0.125 M) and aminothiourea (1.0 g) was added into M 1 -WNS powder captured previously. The mixtures were stirred with constant temperature magnetic heating stirrer at 65 o C for 60 min, and subsequently were washed with deionized water to the eluent pH neutral. Finally, the washed powder was dried in vacuum at 65 o C for 3 h, grinding sieved to get amino-modified walnut shell (AMWNS). The modification process involved a series of associated reactions is illustrated in Figure 1 .
Characterization Methods. Fourier transform infrared spectroscopy (FTIR) of type Nicolet380 spectrometer system (Nicolet Company, U.S.A.) was used to study whether or not aminothiourea was grafted onto WNS. Infrared spectra were obtained by the KBr disc technique.
Scanning electron microscopy (SEM) images were observed on a Hitachi S-3400N scanning microscope (Hitachi, Japan). Each WNS sample was suspended in a bottle in which there was a small amount of ethanol under ultrasound. The sample was mounted on glass plates and dried for removal of the ethanol, followed by coating with a thin layer of gold in a vacuum before examination.
The XRD measurement was conducted using a RigakuDmax-2550/PC diffractometer (Rigaku Inc., Tokyo, Japan). The XRD pattern was obtained using CuKα radiation with an incident wavelength of 0. 
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influences of adsorbent content on Pb(II) ions removal. Besides, the adsorption equilibrium studies were analyzed at initial Pb(II) ions concentration ranged from 20 to 160 mg/L (pH=7), and different temperatures of 293, 298, 303, 308 and 313 K were considered for thermodynamic studies. During the batch adsorption studies, the flasks containing adsorbent and adsorbate were agitated with 180 rpm for 2.0 h in a water bath constant temperature oscillator (SHZ-82, Jintan jingbo experimental instrument company, China). Afterwards, the flasks were withdrawn and the residual adsorbate concentrations were measured by atomic absorption spectrometer (Z-2000, Hitachi Limited Company, Japan). All tests were performed with three replicates and the mean values were used for subsequent analysis.
Desorption and Regeneration Studies. To regenerate the used AMWNS for further Pb(II) ions removal, desorption and regeneration experiments were conducted in batch mode. Firstly, the 40.02 mg/g Pb(II) ions loaded AMWNS (Pb 2+ -AMWNS) was obtained by immerging 0.02 g adsorbent into 20mL Pb(II) ions solution. Subsequently, the Pb(II)-AMWNS was placed into 0.1M HCl solution, and then was shaken on water bath constant temperature oscillator at room temperature for 2 h, and the sorbent was removed from the solution and washed with deionized water. Furthermore, the reusability of the regenerated AMWMS was tested by executing further 3 consecutive adsorption-desorption experiments at the same adsorption conditions.
Calculations. The lead removal efficiency and adsorption capacity of WNS and AMWNS were calculated from the following expressions:
Where C 0 is the initial metal ions concentration (mg/L), C e is the balance metal ion concentration (mg/L). V(L) is the volume of solution; M(g) is the mass of adsorbent; and Q e (mg/g) is the equilibrium adsorption capacity. WNS (a) and AMWNS (b) was studied by XRD pattern (Figure 3 ). in AMWNS indicates that the intensity and sharpness of the diffraction decrease, confirming the decrease in crystallinity. The possible explanation was that aminothiourea grafted on WNS destroyed original ordered structure of WNS.
Results and Discussion
The results above provide the evidence of the WNS being grafted with thiosemicarbazide.
SEM Image Analysis. The morphological microstructures and surface characteristics of WNS and AMWNS were observed with SEM ( Figure 4) . The original WNS particles (Figure 4(a) ) show smooth on the surface, while the surfaces of AMWNS (Figure 4(b) ) leads to an altered uneven surface on the particles, which increased the surface area and well facilitated the adsorption of lead ions.
Influence of pH on Pb(II) Ions Removal. The solution pH has been consistently considered the most important variable in sorption investigations as it controls the surface charge of adsorbents, the degree of ionization, and the speciation of adsorbate species. 16, 17 The influence of pH (3-11) on Pb(II) ions adsorption is illustrated in Figure 5 . 
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Influence of Adsorbent Dosage on Pb(II) Ions Removal. The influence of dosage of original WNS and AMWNS on Pb(II) ions removal efficiency is showed in Figure 6 . For the AMWNS, the adsorption removal efficiency of Pb(II) ions increased significantly (from 52.38 to 99.9%) when the adsorbent dosage was gradually raised from 0.5 to 2.5 g/L. As the adsorbent dosage increased, a substantial increase in available adsorption sites resulted in a high percentage of adsorption.
Adsorption Isotherms. Adsorption isotherms are significant prerequisites to establish the most appropriate relationship between adsorbate and adsorbent, and are critical in optimizing the design of an adsorption system for Pb(II) ions removal. Lots of isotherm equations can be utilized to establish the correlation, such as Langmuir, and Freundlich models. 22, 23 The corresponding isotherm equations are represented as:
Where C e (mg/L) is the ultimate concentration of Pb(II) ions at equilibrium and Q e (mg/g) is the corresponding adsorption capacity. Q m (mg/g) is the theoretical maximum monolayer Pb(II) ions adsorption capacity of adsorbent, and K L (L/mg) is the Langmuir isotherm coefficients related to the free energy of adsorption. The straight lines were given by plotting C e /Q e versus C e , as shown in Figure 7 (A), which gave the values of K L and Q m in Table 1 according to the intercept and slope of these lines, respectively.
Where
) and 1/n are the adsorption constants of Freundlich model generally related to the strength of interaction between adsorbate and sorbent. The linearized Freundlich isotherms was shown in Figure 7 (B) and the parameters were also shown in Table 1 . The low value of the linear correlation coefficient R Langmuir model demonstrated that homogeneous monolayer Pb(II) ions was covered onto AMWNS particles. 24 Furthermore, the results indicated that the adsorption of Pb(II) ions was a dynamic chemisorption process by the adsorption affinity in terms of surface functional groups and bonding energy.
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The maximum adsorption capacities (Q m ) of AMWNS for Pb(II) ions were 46.25 mg/g and were almost the same as Thermodynamics Studies. To better understand the influences of temperature on the adsorption of Pb(II) ions on MWNS, three thermodynamic parameters of the adsorption process, including the changes in enthalpy (ΔH), entropy (ΔS) and free energy (ΔG), were investigated. The changes in enthalpy and entropy were determined with the equations below:
Where K D (L/mol) is thermodynamic adsorption equilibrium constant and calculated by eq. (5) below. Here, T is the absolute temperature and R is the gas constant valued 8.314 J/(mol K). The values of ΔH and ΔS were determined from the slope and intercept of the fitted curve (Figure 8 ), respectively. (5) Where Q e is the equilibrium Pb 2+ concentration on the adsorbent (mg/L) and C e is the equilibrium Pb
The Gibbs free energy of adsorption (ΔG) subsequently determined from the identified parameters ΔH and ΔS by eq. (6).
(6)
The obtained values of thermodynamic parameters for Pb(II) ions adsorption onto AMWNS are listed in Table 2 . As it can be seen from Table 2 , ΔH values are found to be positive for all cases due to adsorption is endothermic. Although there are no certain criteria related to the ΔH values that define the adsorption type, it is obvious from the ΔH value obtained for Pb(II) that chemisorption also takes part in the adsorption process with chelating effects of the functional groups available on the surface of AMWNS. An increase in temperature would lead to an increase in adsorbate on AMWNS. 19 The positive ΔS corresponded to an increase in the degrees of freedom of the solid-liquid interface during adsorption process of Pb(II) ions onto AMWNS. On the other hand, Negative values of ΔG indicate the spontaneous nature of the reaction. The values of ΔG become more negative with increase temperature, which means that the adsorption process is more favorable at high temperature. Desorption and Regeneration Studies. The reversibility of the adsorption process was also investigated. Desorption studies are helpful to explore the possibility of recycling the sorbents and recovery of Pb(II) ions. The results demonstrated that the Pb(II) ions adsorption capacity of the modified adsorbent decreased slightly after 3 consecutive adsorption/desorption (the removal efficiency maintained above 90%). 
Conclusions
In this study, a novel amino walnut shell (AMWNS) was prepared by grafting aminothiourea onto walnut shell backbone. The characterization using various instruments demonstrated that aminothiourea was successfully grafted onto walnut shell backbone. Further, adsorption properties of AMWNS for Pb(II) ions from aqueous solution were investigated. The pH experiments showed that maximum adsorption occurred at pH 7-8. When the adsorbent dosage was 2 g/L, removal efficiency was the highest. The adsorption process can be well described by Langmuir isotherm with a maximum adsorption capacity 46.25 mg/g at 298 K. The adsorption isotherms indicated that the surfaces of AMWNS were distributed by a homogeneous monolayer of Pb(II) ions with a dynamic chemisorption process. Furthermore, the values of ΔG become more negative with increase temperature, which indicates that the adsorption process is more favorable at high temperature. The results demonstrated that AMWNS had a good regeneration ability. This research is worthwhile and it can be foreseen with a great prospect in Pb(II) ions removal in wastewater treatment.
